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The effect of ball milling on the compaction and sintering of nanocrystalline FC-
0205 powder was studied in this work. As-received micron-sized FC-0205 powder was 
subjected to High Energy Ball Milling (HEBM) in an argon atmosphere at different 
milling time of 0, 8, 16, 20 and 24 hours to obtain nanocrystalline structures. Unmilled, 8 
and 16 hour milled powder were compacted using uniaxial die compression at a pressure 
ranging from 274 MPa to 775 MPa to obtain a relative density from 74% to 95%. The 
steel powder compacts were sintered at temperatures ranging from 400 °C (752 °F) to 
1120 °C (2048 °F) in a controlled atmosphere. Microscopy analysis using Optical 
Microscope (OM), Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD) 
was performed on the milled powder, and on the green and sintered compacts to examine 
the grain size, morphology and agglomeration. 
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1.1 Objective and Motivation 
Nanocrystalline materials have experienced significant development in recent 
years due to the wide range of application and impressive physical and mechanical 
properties they exhibit. Properties include enhanced diffusivity, improved 
ductility/toughness, lower thermal conductivity, increased strength compared to 
conventional coarser grained counterparts [34]. The potential application of nanoscale 
materials as novel structural or functional engineering materials largely depends on the 
consolidation of nanopowders into bulk nanoscale solids. The key issue for the 
application of nanopowder to engineering parts is effectively consolidating the powder 
into sintered parts with full density and nanograined microstructures. Over the years, 
scientist and engineers have taken advantage of powder metallurgy application because it 
permits selective placement of phase or pores to achieve final desired components. Press-
Sinter technique is capable of producing parts in high volume at a cheaper cost compared 
to other metal working application. The ability to manufacture complex shapes to a 
desired final size and shape is a great motivation for researchers. Due to issues like 
powder contamination and limited studies on modeling of high energy ball milling 
(HEBM), additional research is needed to produce bulk quantities of ball-milled 
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nanocrystalline powder economically to see widespread usage in the industrial sector [1-
5, 6]. 
The objective of this work is to characterize the structure-property relations of 
ball-milled nanocrystalline FC-0205 copper steel powder with Ancorsteel 1000B as the 
base Fe powder and to analyze the effects of ball milling on powder consolidation into 
dense compacts using uniaxial die compression and sintering. The FC-0205 powder 
system was chosen due to its widespread use in the powder metallurgy industry for 
automotive applications.  
1.1.1 Properties of Nanocrystalline Powders 
Nanocrystalline or ultrafine powder is characterized by a structural length or grain 
size on the order of 100 nm (0.1 µm) or less [1, 2]. Nanocrystalline powders can consist 
of single crystals of less than 100 nm, or of conventional sized particles composed of a 
nanocrystalline grain structure. Nanocrystalline powders are much more difficult to 
process and handle than powders in the micron size range. Changes in properties are 
caused by the increase in surface atoms of nanoscale powders as the particle diameter 
decreases. Production and processing of nanopowders is difficult due to the small particle 
size and high specific surface area of nanopowders. These powders also tend to 
agglomerate, which requires additional processing to de-agglomerate or suspend the 
powders. The nanopowder consolidation and densification process strongly depend on 







(1)                                                    (2)                                           (3) 
Figure 1.1 Three types of nanoscale powders: (1) nanocrystalline, (2) agglomerated 
nanopowders, (3) nanosuspension. 
 
Particle shape and size influence the flow characteristics of powders. High surface 
area of nanoscale powders reduces flow rates and makes the powders difficult to 
compact. Decreased particle size also decreases apparent density of metal powder. The 
larger specific surface area, the larger the interparticle friction. Spherical powder has 
higher flow rates than flaky powder. Lubricants are added to increase the flow and 
compressibility of powders.   
1.1.2 Production of Nanocrystalline Powders using Ball Milling 
There are basically three main techniques to obtain nanocrystalline structures 
during powder production which influences the size, shape, microstructure, chemistry 
and cost of a material [41]. One method involves ball-milling micron-sized powders to 
obtain nanosize powder. Another method uses gas or water atomization from which 
powder is formed from molten metal using a spray of droplet, however this method has a 
lower particle size limitation of ~1-5 µm [50]. Inert gas condensation which results in no 
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impurities but produces a small output capacity [16, 18, and 41]. Among these 
techniques, ball milling has proven to be the most cost effective in the production of 
nanosized powder [16, 41] and is the production method used in the current research. 
There are different types of milling process namely; SPEX mills, Attritor mills 
and Fritsch Pulverisette mills. All of these milling processes are used depending on the 
amount of powder to be processed in relation to the milling time [42]. Different types of 
materials can be obtained from high energy ball milling that includes nanocrystalline 
powders, intermetallic powders, nanopowders etc [41, 43]. In 1966, Benjamin conducted 
an experiment by milling nickel and aluminum alloy in an oxidizing atmosphere to form 
nickel superalloys hardened by oxide dispersion. This was possible because during 
milling oxide layers formed on powder particle surface were fractured and absorbed into 
the solid powder through cold welding [41-42]. This became the genesis of milling and 
alloying technique and has been extremely useful in industrial application. Mechanical 
milling has become widely used because of its simplicity and most importantly cost 
efficiency compared to other techniques [16]. However, mechanical milling still has its 
own shortcomings that are yet to be addressed by material engineers and scientists [42-
43]. Powder contamination is one of the problems facing this technique. The milling 
condition, milling time, surface formation, particle size and milling environment all 
determine the level of contamination of the new powder particles. Possible suggested 
means to reduce the levels of contamination is by making sure the milled environment is 
free of impurities, powder particles are free of impurities, milling time should be as short 
as possible and milling vial and ball should be of the same material with the powder 
particle. Also several research engineers and scientist have studied the quantification and 
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modelling of high energy ball milling but limited success has been achieved. This has 
made it very difficult for industrial scale production because predicting, controlling and 
optimization of the process are underdeveloped. Hence it is unclear how the technique 
works and even why it works [42-43]. 
Ball milling or mechanical milling is the least expensive method to produce larger 
quantities of nanocrystalline powders [16]. High Energy Ball Milling (HEBM) is a 
process of deforming large particle sizes of a powder in a milling vial container by 
transmitting high mechanical energy caused by the particles and colliding with each other 
as shown in Figure 1.2(a). During milling powder particles are flattened, fractured, and 
rewelded for some time until some equilibrium is reached and the minimum particle size 
is achieved Figure 1.2(b). The high impact velocities of the milling media used in HEBM 
processes cause cold welding of the powder particles during impact. This method also 
imparts cold working on the material, which strengthens the particles through grain size 
refinement. The properties of the powder (size and structure), milling energy and 







(a)                                                                        (b) 
Figure 1.2 (a) Schematic sketch of metal powder ball milling process [16], (b) 
Different stages during milling of powders 
 
Previous studies have shown that an increase in milling time decreases the grain 
or crystallite size of the nanocrystalline steel powder [20-21]. However; it gets to a 
certain point when it ceased to decrease due to the saturation of grain size in the process 
of milling which conforms to the Inverse Hall-Petch Relation. The determination of 
optimum milling time depends on the nature of the powder, the ball-to-powder ratio 
(BPR). The higher the BPR, the shorter the time required for milling, however this also 
increases the contamination of the powder. A major contaminant in the system is the 
milling medium. The milling medium and milling vial should be chosen so that they are 
not detrimental to the properties of the powder. To avoid contamination milling is often 
done under protected environments, such as argon or nitrogen. 
1.1.3 Consolidation of Nanocrystalline Powders 
Densification of nanocrystalline powder typically follows the same rules 
applicable to conventional powder processing, as long as the characteristics of the finer 
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powders are considered. The greatest obstacle to the consolidation of nanocrystalline 
powder is the retention of the fine structure in the bulk material. Powder metallurgy (PM) 
involves the consolidation and densification of metal powders to manufacture materials 
or components and is one of the most diverse manufacturing approaches in the metal-
working industry [32, 36]. One of the major advantages of PM is the ability to shape 
powders directly into a final component with high quality, complex shape and close 
tolerances in an economical manner [41]. Reducing machining losses and obtaining good 
surface finishes are also possible in PM [16-32]. Common PM methods of consolidating 
nanocrystalline powders include pressureless sintering and pressure-assisted techniques, 
such as Hot Isostatic Presses (HIP), sinter forging, dynamic consolidation, and field 
activated sintering. Nanocrystalline powders densify at sintering temperatures 
significantly lower than conventional powders. Densification typically occurs at 0.2 to 
0.4 Tm, compared to 0.5 to 0.8 Tm for conventional powders [51]. Nanocrystalline metal 
powders have also been densified using high pressure compaction and conventional 
sintering techniques. 
In the current study, we focus on a press-sinter technique using uniaxial die 




(a)                                                                 (b) 
Figure 1.3 (a) Uniaxial compaction of copper steel set up using Instron 5882 with 100 
kN load cell (b) Carbolite 1600 °C (2912 °F) tube furnace set up for 
sintering of green compacts. 
 
1.1.3.1 Uniaxial Die Powder Compaction 
Uniaxial die compaction is the most common PM consolidation technique and the 
process consists of filling the powder into a shaped die cavity and applying an external 
pressure through vertical moving punches to produce a green compact [38, 41], as shown 
in Figure 1.4. Green compact formed during die compaction takes place in three primary 
stages after the initial filling, as shown in Figure 1.5. When pressure is applied, the 
volume of the loose powder decreases as porosity is reduced, thereby increasing the 
density of the green compact [39]. During the initial application of pressure, particle 
restacking or rearrangement as the particles are closely packed. In the next stage, 
localized plastic deformation of the compact occurs at particle contacts. During the final 
stage the volume reaches a minimum as the particles are mechanically bonded and work 
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hardening of the material is observed [35]. The densification of green compact is greatly 
dependent on the amount of pressure achieved and the density-pressure relationship 
determines the compressibility of the powder [40]. 
 
Figure 1.4 Uniaxial die compaction schematic, pressed from top only 
 
 
Figure 1.5 Four stages of powder compaction (initial, rearrangement, localized plastic 
deformation, work hardening/plastic flow) 
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Compaction pressure [25] greatly determines the density of the green compact. 
Increased pressure give rise to larger areas of contact thereby interlocking of close 
particles is ensured. This allows the movement of smaller particles into the voids as a 
result enhances the strength and density of the compact with more coherent appearance. 
The main parameters of compaction are the compaction pressure and method of its 
application, the environment and speed of the process. The main difficulty when using 
powder technology to produce compact products from nanopowders is the residual 
porosity, which can be reduced by the application of high static or dynamic pressure. 
Clayens and Johnson [26] studied that at a higher strain rate greater than 10 s-1 the 
compaction method is dynamic. They emphasized on increasing the rate of compaction in 
order to obtain more uniform density distribution and higher green compact strength. 
Also Page and Killen [27] substantiated more by comparing both quasi-static and 
dynamic compactions. They subjected compacts of the same average density to both 
methods and concluded that dynamic compaction specimen had more uniform density 
distribution and greater hardness than compact made from quasi-static method. Dynamic 
methods of nanopowder compaction allow the forces of adhesive bonding to be 
overcome, which is especially significant for nanoparticles with their highly developed 
surface, and enables a higher density of compact samples to be achieved than in a 
stationary pressing, while applying the same pressure. Lubricants are necessary during 
compaction because it helps to reduce frictional force that hinders the free movement of 
powder particles. It also gives a more uniform distribution of powder particles during 
compaction [33]. However, immoderate lubrication can store in the interparticle pores 
thereby preventing a uniform distribution and proper compaction of powder. The green 
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compact is heated at a lower temperature to get rid of the lubricants so as not to affect the 
overall density and strength of the sample [41]. 
1.1.3.2 Sintering 
The final stage in the press-sinter approach is sintering of the green compact at 
high temperature below its melting point. The green compact is sintered in a furnace 
under a protective atmosphere at an elevated temperature which solidifies the bonds 
between powder particles. During sintering the compact becomes consolidated and 
strengthened. Conversely, porosity and grain growth after sintering in PM is a major 
obstacle which affects the strength of the material [17, 32]. Pores that are unavoidably 
obtained after sintering is where fatigue crack initiates and propagation is dependent on 
the amount of load applied. Therefore, decreasing the amount of pores by increasing the 
density of the bulk sample will help increase the fatigue strength [32]. 
The details surrounding these stages influence the overall strength and density of 
the final part produced using the press-sinter PM technique. Sintering parameters [25, 39] 
greatly affect the mechanical properties of the sintered compact. These parameters 
include sintering temperature, material composition, powder morphology, time and 
atmosphere. Sintering atmosphere is important because most metals oxidize when heated 
in air which can affect the property of the sintered specimen [40]. Different types of 
sintered atmosphere are used in powder metallurgy; however, the way the atmosphere is 
controlled during sintering is consequential in relation to the green compact strength. [39] 
Previous studies have also shown that sintering in hydrogen environment gives better 
mechanical properties than in vacuum. Depending on the sintering time and temperature, 
powder particles start to bond together by forming necks through diffusion process. 
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These necks grow at the points of particle contact and as sintering time increases the neck 
size ratio increases which helps to increase the mechanical strength [39]. Grain growth is 
noticed due to increase temperature and time, also pores become spherical and isolated 
[28]. Pranav Grag et al. [38] postulated two methods to reduce sintering temperature so 
as to minimize the growth of grains. They suggested small amount of elements such as 
NI, Pt, Pd and CO be added to the base powder because they can activate sintering 
process thereby reducing the sintering temperature and time. Nevertheless, the addition of 
some of these elements with the base powder can reduce the ductility of sintered sample 
thereby affecting the mechanical properties. They also discussed about the advantage of 
using nanosize particles because higher compaction pressure is required to compress the 
smaller particle size. The higher the compaction pressure the lower the sintering time and 
temperature needed, hence, the lower chance of grain growth. 
Stosuy and Holmes [29] experimented the effect of sintering on 316L stainless 
steel. They observed that cooling rate from sintering temperature affects the properties of 
the compact regardless of the sintering atmosphere. Conversely, Akhtar and Edelstein 
[16, 18] experiment on compacted copper powder shows that at low cooling rate the 
densification was higher thus a higher property was achieved. 
1.2 Properties of Nanocrystalline Materials 
Nanocrystalline materials have superior properties compared to the coarser grain 
materials because they possess a large number of grain boundaries. One of the major 
properties is high mechanical strength which greatly depends on the grain size of the 
material [7]. Materials that have grain sizes in the nanosize range tend to have higher 
mechanical properties such as increased strength and hardness as compared to their 
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coarser grained counterparts [8]. Nanosized grains prompt lower dislocation build up at 
grain boundaries, hence, dislocation movement into adjacent grains more difficult. The 
higher the applied stress needed to move dislocations the higher the yield strength. The 
correlation between improved strength characteristics with decreased grain size is 
captured by the Hall-Petch (HP) relation [9]. 
 𝜎𝑦 = 𝜎0 +
𝐾𝑦
√𝑑
  (1.1) 
where 𝜎𝑦  is the yield strength, 𝜎0 is the lattice friction stress to move individual 
dislocations, 𝐾𝑦 is a constant (HP slope) and d is the grain size in diameter. The HP 
relation implies that yield strength increases with decreasing grain size, but there is extent 
limit to which the material can be decreased to avoid weakening [10-11]. Experiments on 
nanocrystalline materials have shown that if the grains reached a critical grain size, 
typically around 10 nm, an inverse Hall-Petch effect is observed [3-5, 12-14]. As the 
grain size decreases to approximately 10 nm, it becomes more difficult to fit the 
dislocations in the grain and instead of dislocation slip the grain boundaries tend to slide 
a phenomenon known as grain boundary sliding which results in a decrease in strength. 
Figure 1.6 [13] shows the HP effect for decreases in grain size up to a critical value of 
about 10-50 nm and an Inverse Hall-Petch effect for decreases in grain size below this 
critical value. Many researchers have observed the aforementioned disparity in their 





Figure 1.6 Hall-Petch Relation [13] 
 
1.3 Organization of Thesis 
The objective of this work is to examine the effect of ball milling on the 
compaction and sintering copper steel powder (FC-0205). Chapter 1 introduces 
nanocrystalline powders and the ball milling process. Chapter 2 reviews the ball milling 
process for the copper steel powder and the correlation between milling time and grain 
size. Chapter 3 covers the compaction and sintering of the ball milled powder and the 
effect of the ball milling on consolidation and final compact properties. Chapter 4 is a 
summary of the conclusions drawn from this study. 
                             d   −1
2
 






EFFECT OF BALL MILLING ON COPPER STEEL POWDER 
2.1 Abstract 
FC-0205 micron sized powders were subjected to High Energy Ball Milling 
(HEBM) in an argon atmosphere at different milling time of 0, 16, 20 and 24 hours to 
obtain nanocrystalline structures. Excessive cold welding was minimized or completely 
avoided by mixing stearic acid with the powder. Stearic acid serves as lubricant to aid in 
the movement of the steel powder and reduces friction between the powder particles, ball 
and milling vial. Particle size analysis was done on the milled powder and a relationship 
between milling time and powder size was examined. Microscopy analysis was 
performed to examine the size and morphology of the milled powder using Optical 
Microscope (OM) and Scanning Electron Microscope (SEM). X-ray Diffraction (XRD) 
was used to analyze the grain increment at different milling time. It was observed that as 
milling time increases fragmentation rate of particles increases which resulted in particle 
size reduction. Increase in milling time resulted in morphology change and higher 
agglomeration of powder particles. Similarly, an increase in milling time decreases the 




2.2 Introduction  
High Energy Ball Milling (HEBM) is a type of mechanical milling (MM) 
technique that is utilized in powder metallurgy (PM) consisting of continuous cold 
welding, fracturing and re-welding of powder particles [16]. Akhtar et al. [16] studied the 
mechanical milling of iron and copper powder from micro meter size to nanosize 
particles using HEBM. They carried out the experiment by generating mechanical energy 
through collision between balls and the milling vial container. Hard steel milling balls of 
12.7 mm (0.5 inch) in diameter were used for the experiment in a controlled argon 
atmosphere. The energy produced caused deformation of the steel powder into nanosize 
particles. The final particle size, shape, and size distribution are largely dependent on 
material property, milling energy/frequency, ball size, quantity of ball and powder [41]. 
Fecht and Akhtar [21,34] observed that a major effect in obtaining nanoscrystalline 
aluminum powder is the milling time. Their study supported previous research that 
increasing milling time decreases particle and grain size of the steel powder. Poquillon 
and Brian [41-42] observed that energy produced during milling allow interaction 
between steel powder particles and this bring about plastic deformation, fracturing and 
cold welding. Suryanaranyan et al. [43] studied that excessive cold welding of particles 
greater than 100 nm should be avoided by ensuring a stable point between fracturing and 
cold wielding. Similarly, Joao et al. [42] suggested the addition of 1-2wt% of stearic acid 
which acts as a Process Control Agent (PCA) to avert immoderate cold welding during 
milling of powder particles.  
Particle Size, morphology and agglomeration all have major contribution in the 
overall density and mechanical strength of a green compact. The particle size distribution 
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during compaction also determines the level of porosity and homogeneity of the green 
compact. Poquillon et al. and German [20, 22] reported great dependence of particle size 
on tensile stress of green compacts made from spherical copper powders. He discovered 
that the tensile stress increases with decrease in particle size of the copper powder. Also, 
the smaller the particle size of the specimen the higher the fatigue strength due to the 
variation in the stress concentration factor with particle size [23-24] 
This is the first experimental report on HEBM of copper steel powder that 
correlates milling time, particle size and grain growth. The focus will be on processing of 
nanocrystalline copper steel powder (FC-0205) using high-energy ball milling to obtain a 
nanocrystalline powder. The purpose of this experiment is to analyze how different sizes 
and morphology of powder particles from different milling time affects the density and 
mechanical properties of the green compact. The correlation between grain size 
reductions at different milling time will also be determined. Particle size Analyzer was 
used to analyze powder particles before and after each milling interval with sieving 
technique using different mesh sizes. SEM images were taken with Field Emission Gun 
Scanning Electron Microscope FEG-SEM to determine the Particle distribution of the 
steel powder. Rigaku SmartLab X-ray Diffraction system was used to accurately 
determine the average grain size of the powder particles.  
2.3 Experimental Procedures   
2.3.1 Milling 
As-received copper steel powder FC-0205 mixed with 0.6% zinc stearate 
lubricant, also known as Acrawax from Hoeganaes was used for this experiment Table 
2.1. The prefix (F) designates an iron base material and the second letter in the prefix (C) 
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is copper known as the primary alloying element. The first two digits (02) represents the 
percentage of the primary alloying element which is 2% copper. Carbon content is 
represented by the third and fourth digits whereby 05 designate (represents) the amount 
of carbon in a range between 0.3%-0.6%. The base iron powder for FC-0205 is an 
Ancorsteel 1000B alloy mix commonly used in the PM industry. Its chemical 
composition is provided in Table 2.2. 
 
Table 2.1 Nominal chemical composition of the as-received FC-0205 iron powder 
MPIF designation/Component Fe C Cu Acrawax 
FC-0205 97.1 0.5 2 0.6 
 
Table 2.2 Ancorsteel 1000B chemical composition by weight % 
  Fe C O N S P Si 
M
























The as-received FC-0205 powder was milled by Union Process at intervals of 
0,8,16, 20 and 24 hours. The milling process was carried out in a Model SD-1 Laboratory 
Attritor with 6.35 mm (0.25 inch) stainless steel grinding media. A ball-to-powder ratio 
of 16/1 was used and the milling speed was at 350 RPM in a sealed argon environment to 
lessen contamination with oxygen, nitrogen and humidity. Stearic acid was added into the 
milling process to serve as lubricant by reducing friction, minimize die wear, aid in the 
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part ejection, and avoid cold welding of the materials. This lubricant is typically burned 
off prior to sintering, and therefore should not affect the material properties of the final 
components. 
2.3.2 Scanning Electron Microscope 
Zeiss Evo Supra 40 Field Emission Gun Scanning Electron Microscope FEG-
SEM was used to analyze the morphology, particle distribution and phase change of FC-
0205. All SEM images were acquired at an accelerated voltage of 20 KV and a resolution 
of 1.5 nm. Five grams of 0 (unmilled), 8, 16, 20 and 24 hour copper steel powder was 
spread evenly on a conductive carbon adhesive pin stub to obtain charge between the 
emission gun and the steel powder. The experiment was done in vacuum to avoid any 
contamination with the emission gun and the powder particles. 
2.3.3 X-Ray Diffraction 
Rikagu Ultima III x –ray diffraction system was used to analyze the average grain 
size of FC-0205. A thin layer of FC-0205 iron powder was evenly spread on a glass 
sample holder. This procedure was carried out on each powder sample of different 
milling time. The 2° (FWHM) range was set from 10º to 90º at 1º/min so as to cover the 
most useful part of the powder pattern. The steel powder sample of a cubic crystal was 
exposed to Cu Kα x-rays in a diffractometer. The crystals sizes and lattice space were 
determined by the diffraction pattern. 
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2.4 Results and Discussion 
2.4.1 Ball Milling of Nanocrystalline Copper Steel Powders 
The result obtained from the manufacturer shows analysis of FC-0205 particle 
size using the particle size analyzer in Table 2.3 and Figure 2.1. A linear function 
relationship is obtained between milling time and average particle size of the copper steel 
powder. The linear function relationship is experimentally expressed in equation (1.2). 
 𝐷 = 𝑘𝑡 + 71.57 (2.1) 
where D is the average particle size in (µm), t is the milling time in (hour) and k is a 
constant. The correlation coefficient of the equation (1.2) is as high as 0.998. 
It was observed that as milling time of powder increases the average particle size 
decreases which conforms to previous studies [21,34]. As milling time increases from 0 
to 16 hour, the rate of fragmentation of particles were high leading to a high reduction in 
particle size from 72.37 (µm) to 25.64 (µm). After further milling from 16 to 24 hour, it 
was noticed that fragmentation of particles decreased considerably which led to a low 
reduction in particle size from 25.64 (µm) to 3.7 (µm). This is due to increase in milling 
energy which causes increase in contact area between grains therefore welding 
(coalescing at high temperature) of particles is experienced. Akhtar et al. [16,34] 
experimented on nanocrystalline aluminum and iron. They observed that as milling rate 
increases from 0 to 40 hour, fragmentation of steel powder particles decreases up until a 
certain period where is became constant. They suggested the reason for fragmentation of 




Table 2.3 Showing milling time and the average particle size. 
Milling Time 
(hours) D50 (µm) 
% Decrease D50 
(µm) D90 (µm) 
Median 
Value (µm) 
0 72.37 33.77089954 165.6 82.23 
8 47.93 46.50532026 117.1 57.17 
16 25.64 33.50234009 76.95 26.05 
20 17.05 78.29912023 44.61 22.89 
24 3.7 100 35.1 12.14 
 
Figure 2.1 Milling time vs Average particle size 
 
The particle size analysis experiments also offered information on the distribution 
of particle diameters in each sample. Figure 2.2 shows the particle size distribution plots 
for each powder analysis. For each successive increase in milling time, the peak of the 
distribution is seen to gradually skew from a right-sided distribution at 0 hour to a 
significantly left-sided distribution after 24 hours of milling with the peaks becoming 
narrower. The particle size distribution for the 8, 16, and 20 milling hour show a mono-
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modal peak type compared to 0 (unmilled) and 24 milling hour which show a bi-modal 
peak type. The reason for the bi-modal peak could be as a result of higher particle size 
and coarser morphology of the 0 (unmilled) powder and high agglomeration obtained in 
the 24 hour milled powder. It is observed that at maximum peak for each milling 
distribution, the corresponding particle size decreases with increase in milling time. For 
the unmilled powder, the particles size value at maximum is above 100 (µm) whereas a 





Figure 2.2 Particle size distribution plots of FC-0205 powder after milling durations of 
(a) 0 (un-milled), (b) 8, (c) 16, (d) 20, and (e) 24 hours 
 
2.4.2 Scanning Electron Microscope (SEM) of Copper Steel Powders 
Scanning electron microscope of copper steel powder was performed in order to 
compare the morphology, agglomeration and particle size at different milling time and 
also to determine the effect on consolidation. The SEM micrographs of the 0, 16, 20 and 









was observed that as milling time increases from 0 to 24 hour the particle size became 
less coarse but was still in the micron meter range. However, higher agglomeration and 
morphology change of the steel powder was noticed as milling time increases. The 
morphology of the particle size for 0 (unmilled) powder is spherical as shown in Figure 
2.3 (a), nevertheless as the milling time increases the particle size became flat and spongy 
with little agglomeration as shown in Figure 2.3 (b and c). This is due to increase in 
milling energy which causes increase in contact area between grains therefore welding 
(coalescing at high temperature) of particles is experienced and further plastic 
deformation of particles decreases. The flat and spongy structure obtained due to increase 
milling time will be difficult to compact because of high surface area which increases 
internal friction between particles. Hence, higher compaction pressure will be required to 
avoid high porosity and obtain high density. Increased agglomeration is noticed in Figure 
2.3 (d) due to increased milling time of the steel powder. Increase in milling time causes 
more fracture of particles which result in further deformation and fragmentation of the 
steel particles. Therefore, agglomeration of particles increases thereby increasing the 




Figure 2.3 SEM Images 5000X magnification of (a) (Unmilled) (b) 16 hour milled (c) 
20 hour milled (d) 24 hour milled FC-0205 Powder respectively. 
 
2.4.3 X-Ray Diffraction of Copper Steel Powders 
X-ray diffraction was used to characterize the correlation between the grain 
increments at different milling time as shown in Table 2.4 and Figure 2.6. It is 
empirically shown that a linear relation exists between grain size and milling time with 
correlation coefficient of 0.998 as shown in equation (1.3). 
 𝐿 = −3.15𝑡 + 88.567 (2.2) 





A linear reduction in grain size is obtained as milling time increases from 0 
(unmilled) to 24 hour milled powder as shown in Figure 2.6. The decrease in grain size as 
a result of milling time strengthens green compact as stated by Hall-Petch Relation 
theory. Fecht et al. [21] experimented on ball milling of different nanocrystalline metals 
with body-center cubic (bcc) and hexagonal close-packed (hcp) structures. X-ray 
diffraction and transmission electron microscope were used to analyze the result. They 
found out that after 24 hour milled time the average grain size for bcc and hcp metals 
have reduced to 9 nm and 13 nm respectively. The X-ray diffraction peak patterns with 
angle 2° values in the range from 10° to 100° for FC-0205 copper steel powders as 
shown in Figure 2.4. It is observed that Figure 2.4 (a) shows a sharp diffractions line 
known as the full widths at half maximum (FWHM) because it is in the micrometer range 
as shown in Table 2.4. However, as milling time increases diffraction line gradually gets 
broadened in Figure 2.4 (b, c, and d) and grain size decreases to the nanosize range as 
shown in Figure 2.5. The change noticed as a result of milling time is due to grain size 




Figure 2.4 X-Ray diffraction peak profiles of milled powder samples at (a) 0 hour, 








Table 2.4 XRD result of average grain size for different milling time. 































































Figure 2.6 Grain size vs milling time 
 
2.5 Conclusion 
Fragmentation rate of particles increased with respect to increase in milling time 
from 0 (unmilled) powder to 16 hour milled powder. Hence, average particle size of the 
copper steel powder decreased as studied by researchers. However, with further increase 
in milling time from 16 to 24 hour, lower fragmentation rate was obtained resulting in 
low reduction in particle size. This was as a result of increase in milling energy due to 
increasing milling hour which caused welding of particles as contact areas between grains 
grow. The particle size distribution peaks got narrower and skewed from right-sided 
distribution to left-sided distribution as milling time increases from 0 (unmilled) to 24 
hour milled powder. This was due to change in morphology and higher agglomeration of 
powder particles as milling time increases. The change in morphology noticed with 
increase in milling can hinder compaction because of high surface area which increases 
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internal friction between particles. Therefore, higher compaction pressure will be 
required to achieve a good dense compact. A linear reduction in grain size was obtained 




EFFECT OF COMPACTION AND SINTERING ON MECHANICAL PROPERTIES 
OF NANOCRYSTALLINE STEELPOWDER 
3.1 Abstract 
The effect of ball milling on the compaction and sintering of FC-0205 steel 
powder was studied in this work.0 (unmilled), 8 and 16 hour milled powders were 
compacted using uniaxial die compression at a pressure ranging from 274 MPa to 775 
MPa to obtain a relative density from 74% to 95%. Zinc stearate also known as Acrawax 
was used as lubricants to avoid cold welding of the steel particles and to reduce frictional 
force during compaction. The steel powder compacts were sintered at temperatures 
ranging from 400 °C (752 °F) to 1120 °C (2048 °F) in high purity hydrogen and nitrogen 
atmospheres. It was observed that pressure increase in green compacts resulted in an 
increase in density. Also, at the same pressure range, lower milling hour compacts show 
higher density. Temperature increase caused shrinkage and swelling as phase 
transformation was obtained during sintering of the copper steel compacts. Similarly, 
increase in temperature increased density of the compacts as milling time increases. 
Grain growth was also noticed as temperature increases, however, more growth was 
experienced at higher milling time. Microstructural analysis was carried out on the green 
and sintered compacts to determine extent of porosity, and grain size and its correlation 
with milling time using scanning electron microscopy, optical microscopy and ImageJ 
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analysis. Also dilatometer analysis was done to examine phase transformations and 
density of the samples during sintering. Rockwell hardness test at a maximum load of 60 
kgf was conducted on each compacts to determine the mechanical properties with relation 
to temperature and milling time. 
3.2 Introduction 
The mechanical and physical properties of nanocrystalline materials are largely 
dependent on the grain sizes and distribution [34]. They are characterized by single or 
multi-phase polycrystals with grain size between 10 to 100 nm. The traditional 
polycrystalline materials are larger in grain size compared to the nanocrystalline material, 
hence, an enhanced ductility, strength and diffusivity is experienced in the latter [34]. 
Compaction of powder into different shapes can be in the form of cold or hot pressing 
and the process is called powder pressing. Hot pressing is a technique whereby 
compaction and sintering of metal powder is done at the same time, however, [37] it is 
time consuming. Cold pressing involves the application of pressure on metal powders in a 
closed shaped die to form a green compact. Vagnon et al. [38] reported that higher 
density, more homogeneity and better powder particles rearrangement are obtained in hot 
pressing compared to cold pressing. Ultrafine-grained solids are usually produced by cold 
pressing and sintering technique [16]. Cold pressing can be axial pressing (uniaxial or 
triaxial) which is the conventional method or isostatic pressing whereby application of 
pressure is uniform all through the metal powder. Powder pressing is mostly done in 
room temperature and the compacted sample is called a green compact [41]. The 
compressibility of the green compact is extensively dependent on the compaction 
pressure [25]. The pressure reduces the volume of the compact powder and therefore 
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increases the density, although still left with some pores in the sample [41]. The amount 
of pressure needed for compaction of green compact largely depend on powder 
characteristics, additives and desired density [20]. Pranav et al. [37] studied that higher 
pressure is required to compress coarser powder particles than finer particles of the same 
material. Poquillon et al. [20, 49] studied the effect of morphology of iron powder on 
their compaction behavior. They compacted two different iron powders, one with 
spherical grains and the other with spongy grains at different pressures ranging from 100 
to 350 MPa. Their experimental result showed that the iron spherical powder compacts 
produced lower density compared to the spongy powder compacts at the same 
compaction pressure. Camila and Lirio [48] expatiated further on the impact of 
morphology on compressibility of steel powder. They observed that during compaction, 
particles with flattened morphology tend to have greater deformation capacity because of 
high specific surface they exhibit. Also, material compressibility is reduced in compacts 
with flattened morphology due to high surface area as a result increases internal friction 
between particles. During compaction, powder particles rearrange thereby reducing 
spaces and gaps which lead to increase in density. The density increase due to more 
organized packing of the particles that creates contacts points between them is referred to 
as the initial stage of compaction [35]. Cold welding occurs during further application of 
pressure because forces increase between the contact points of the particles. Plastic 
deformation occurs in the second stage of compaction. Material deformation takes place 
in this stage due to the stress between the contact points of the powder particles. The 
plastic flow of particles increases the stress between powder particle contact points which 
causes deformation of the material. Density increase is much slower in the second stage 
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because frictional force is higher which hinders the easy movement of material. 
Conversely density in initial stage increases rapidly because of lower resistance of 
frictional force. Work hardening of the steel powder occur in the third stage as a result of 
increase in compaction pressure [20]. 
In general, sintering process occur in three processes namely; solid-state sintering, 
liquid-phase sintering and activated sintering [36]. Liquid-sintering of alloy metal 
powders is done by making sure the sintering temperature is higher than the melting 
temperature of one of the constituent powder or below the melting temperature of the 
base powder as shown on the Fe-Cu phase diagram [36]. 
 




Using the Fe-Cu phase diagram in Figure 3.1 as a model, during the sintering 
cycle of Fe-C-Cu, transformation of iron from Body-Centered Cubic (bcc) phase to Face-
Centered Cubic (fcc) phase occur around 800°C (1472 °F) with low shrinkage obtained. 
As the temperatures increases to 1120°C (2048 °F) which is above the melting 
temperature of copper 1082 °C (1980 °F), [46] swelling of the compact is experienced 
due to liquid copper diffusing into iron lattice resulting in expansion of the compact. The 
amount of copper, size of copper, density of green compact and rate of heating all 
determine the extent of swelling of the compact [46]. The effect of diffusion of liquid 
copper creates grain growth and large pores are noticed. This process helps to obtain a 
uniform homogenous denser material with high strength and it is known as liquid phase 
sintering [36]. Powder particles are bonded together during sintering of green compacts. 
The bonding of particles extensively reduce porosity in the sample thereby causing 
reduction in volume. Sintering increases the density, strength, ductility, thermal 
conductivity and electrical conductivity of the compact. The individual particles dissolve 
or diffuse into the base steel powder which subsequently creates a bonded uniform 
homogenous denser compact [36, 45]. Shrinkage occurs during sintering due to diffusion 
thereby reducing space and pores in the sample. Vagnon et al. [38] studied the effect of 
sintering on swelling and shrinkage of steel powder. They observed that at a lower 
temperature during delubrication shrinkage was experienced in the sample. However, at a 
higher sintering temperature copper diffuses into iron thereby causing swelling of the 
compact and reduction in shrinkage. Also during sintering, recrystallization of atoms, 
grain growth and phase change were all noticed [28]. 
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Sintering time, temperature and atmosphere all have major effect on the strength, 
density and grain size of the nanocrystalline bulk sample [16, 38]. Akhtar et al. [34] 
studied the difficulty in obtaining a fully dense bulk sample without experiencing grain 
growth during sintering of steel powder. Pranav Grag et al. [37] explained the difficulty 
in obtaining near full density of molybdenum because it requires longer sintering time 
and high temperature. The long sintering time and high temperature give rise to grain 
growth and subsequent reduction in mechanical properties. Narasimhan [36] Stated that 
the type of metal powder and desired geometry determine the sintering time and 
temperature. He performed experiment on some alloying elements and concluded that Fe-
B-C have potential to undergo higher sintering temperature than Fe-Cu-C because boron 
has low solubility in iron compared to copper therefore it can be used for production of 
very hard steels. Sintering atmosphere is an important factor in sintering process of metal 
powder [25, 39]. Sintering atmosphere should be controlled to prevent oxidation and 
unwanted chemical reactions, eliminate existing oxides and control carburization and 
decarburization. The sintering atmosphere is usually controlled with hydrogen, argon, 
helium, nitrogen and even in a vacuum [36, 37]. Sintering process of a green compact 
involves three stages to obtain high density and mechanical properties as shown in Figure 
3.2. The preheating stage where by lubricant is burned off at a lower temperature. The 
second stage is when the green compact is heated at a certain temperature mostly below it 
melting point for a particular period of time for proper bonding of powder particles. At 
this stage, formation of necks between grains is obtained and porosity is reduced. The 
cooling stage is the final sintering process of a fully sintered compact which must be 




Figure 3.2 Sintering stages 
 
The focus of this literature is to analyze the effect of compaction and sintering on 
FC-0205 steel powder. The copper steel powders were compressed at a maximum 
pressure of 775 MPa and sintered at 400 °C (752 °F) to 1120 °C (2048 °F) to achieve 
high density and strength. The compact will be analyzed to ascertain the correlation 
between milling time and density. Hardness test was done to determine the relation 
between milling time and strength. Lastly, microstructure analysis was carried out using 
SEM, OM and image analysis to determine grain size, grain morphology, grain 
distribution, phase change and how they all affect the strength of the compact. 
3.3 Experimental Procedure 
3.3.1 Compaction 
Uniaxial cold pressing was performed on the FC-0205 copper steel powder before 
and after each milling interval. Copper steel powders were compacted at a constant 
weight of 10 grams for every sample. The powder steel was compressed at different 
height to control the final pressure. The shaped die used for the compaction and sintering 
was made of Vasco Max C-350 with inner diameter of 32.63 mm (1.3 inch), outer 
diameter of 101.33mm (4 inch) as shown in Figure 3.3. A cylindrical split hollow die 
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with diameter 12.67 mm (0.5 inch) is made of the same material for easy removal of 
sample after compaction. An Instron 5882 mechanical test frame with 100 kN load cell 
was used to exert compressive force on the shaped die at a constant compression rate of 
10 mm/min in a controlled environment and parameter set. The steel powder was filled 
into the shaped die and the upper punch compresses the powder at a certain pressure. The 
shaped die produced a cylindrical bulk specimen after compaction with a target green 
density of approximately 6.7 g/cm3. Density measurements were performed before 
proceeding to the sintering process. 
 
Figure 3.3 Die Compact 
 
3.3.2 Dilatometer Tests 
A vertical push rod dilatometer (Anter Corporation Unitherm Model 1161) was 
used for the dilatometer analysis to examine phase transformations and density of the 
samples during sintering. FC-0205 compacts were heated to 1150 °C (2102 °F) in a 
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nitrogen atmosphere at different heating rates (2C/min, 5C/min and 10C/min). The 
samples were held for 30 minutes followed by an uncontrolled cool down from the 
sintering cycle. The dilatometer measured the dimensional change of the compacts during 
the sintering cycle. These measurements were captured when a push rod attached to a 
transducer displaced with the shrinkage or expansion of the compact. The signals 
obtained from the motion transducer and thermocouple were correlated by a computer 
giving the dimensional change as a function of time and temperature. 
3.3.3 Sintering 
A Carbolite 1600°C (2912 °F) tube furnace was used to sinter the compacts in a 
controlled environment of 75% hydrogen and 25% nitrogen to avoid oxidation and 
contaminants. The bulk specimens were de-lubed at 400 °C (752 °F) to get rid of the 
stearic acid in order not to hinder the overall density and strength. Bulk samples from 
each milling hour were sintered at 900 °C (1652 °F) and 1120 °C (2048 °F) which is 
close to the critical sintering temperature of FC-0205 powder [31]. The temperature was 
set to ramp at 15 °/min and dwell for 30 minutes before it was slowly cooled to room 
temperature. The compaction and sintering schedule minimize grain growth and 
maximize densification during the process.  
3.3.4 Microstructure Analysis and Sample Preparation 
Struers LaboPress hot mounting technique was done on each sample for easy 
handling of the sample during grinding and polishing. Each surface of the mounted 
samples was subjected to grinding and polishing for proper analysis of the microstructure 
using SEM, OM and image analysis procedure. Surface grinding and polishing of the 
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samples were done using Struers TegraPol polisher. Silicon carbide 220, 500, 800 and 
1000 was used for thorough grinding of each sample surface. MD Plan disc and MD 
Largo disc were used for fine grinding. MD Dac Cloth, MD Nap and MD Chem were 
used for polishing of each surface to obtain a uniformly smooth surface. The sintered 
samples were etched with 2% nitric acid and 78% ethanol to remove a uniform thin layer 
of the surface off for easy analysis of the grain size and grain growth. 
Zeiss microscope was used to analyze the grain size, grain growth and phase 
change of each sample. All micrograph images were acquired with an axiocam camera 
and a Digital Image Correlation (DIC) detector at a 1280 X 1240 pixels resolution. Zeiss 
Evo Supra 40 FEG-SEM was used for this experiment to analyze the morphology, 
particle distribution and agglomeration of FC-0205. All SEM images were acquired at an 
accelerated voltage of 20 KV and a resolution of 1.5 nm. Five grams of copper steel 
powder sample was spread evenly on a conductive carbon adhesive pin stub to obtain 
charge between the emission gun and the steel powder. The experiment was done in 
vacuum to avoid any contamination with the emission gun and the powder particles. 
ImageJ analysis free software was performed on images obtained from optical 
microscope to analyze the extent of grain growth for FC-0205. The grains in the image 
were painted and a certain threshold was applied for better counting of each grains. 
3.3.5 Hardness Testing 
Rockwell hardness (HRA) measurements using Leco Rockwell Hardness Tester 
were carried out on bulk specimens obtained through the compaction and sintering of FC-
0205 steel powders. The rockwell hardness test method consist of indenting the material 
with a diamond cone. The indenter is forced into the material under a total load of 60 kgf, 
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at least four different readings were taken from each surface of the sample and the 
arithmetic average was obtained. 
3.4 Result and Discussion 
3.4.1 Compaction 
Figure 3.4 shows the variation in relative density of 0 (unmilled), 8and 16 hour 
green compacts of FC-0205 powder as a function of compaction pressure. As pressure 
increases from 300 MPa, the 0 (unmilled) green compacts show higher relative density 
than 8 hour green compacts. Similarly, the 8 hour green compacts show higher relative 
density compared to 16 hour green compacts. Thus, increasing milling hour of green 
compacts decreases the density at a particular pressure. This agrees with previous studies 
on copper steel powder [47]. It is observed that at the same pressure range between 300 
MPa to 400 MPa, 0 (unmilled) compacts show a higher relative density than 8 and 16 
hour compacts. Also, an insignificant difference in relative density between 0 and 8 hour 
green compacts is noticed. However as milling time increases to 16 hour, a significant 
drop in relative density is observed. The 0 (unmilled) green compact has higher relative 
density than 8 and 16 hour green compacts due to increase in milling time. The spongy 
structure due to increasing milling time hinders compaction therefore higher compaction 




Figure 3.4 Compressibility Curve for 0, 8 and 16 hour milled FC-0205 powder 
 
Figure 3.5 shows the rate of densification of 0 unmilled, 8 and 16 hour green 
compacts. The relationship between Ln(1/(1-D)) and compaction pressure of the 
compacts show an elastic deformation property where particle sliding and rearrangement 
occur. A gradual rise in slope was noticed for unmilled compacts as compaction pressure 
increases. However, as milling time increases the slopes got steep as a result of high 
frictional force experienced which bring about low densification rate. Frictional force can 
be minimized by addition of moderate amount of lubricants which provide uniform flow 
during compaction. A linear function relationship is obtained between Ln(1/(1-D)) and 
compaction pressure for 0 (unmilled), 8 and 16 hour green compacts and it is 
experimentally expressed in equation (1.4), (1.5) and (1.6) respectively. 
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 ln [ 1
(1−𝐷)
] = 𝐾𝑃 + 1.4 (3.2) 
 ln [ 1
(1−𝐷)
] = 𝐾𝑃 + 1.1 (3.3) 
where D is relative density, P is compaction pressure and K is a proportionality constant. 
The correlation coefficient of the equations is 0.99, 0.97 and 0.98 respectively. 
 
Figure 3.5 Ln(1/(1-D)) Vs Pressure 
 
3.4.2 Dilatometer tests 
A comparison of the dimensional change from the dilatometer experiments for 
FC-0205 compacts heated at 10 ºC/min, along with the corresponding temperature cycle 
is shown in Figure3.6. The FC-0205 compact presents dimensional change after sintering 
due to the difference in alloy composition and powder size. As shown in Figure 3.6, 
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copper steel compacts experienced thermal expansion of 0.7% at 700 ºC (1292 ºF). At 
this point the iron ferrite, having a bcc structure, started to transform to austenite, which 
has a fcc structure, causing the sample to contract. As the temperature continued to 
increase, the carbon diffused into the austenite region. At 1083 ºC (1981 ºF) the copper 
began to melt and the compact expanded. Near 1120 ºC (2048 ºF) all of the copper 
melted and penetrated the austenite structure. During the 30 minutes hold time the sample 
started to contract again. As the temperature decreased during cooling, the copper 
precipitated from the iron, and the austenite iron transformed into ferrite and pearlite 
(mixture of α ferrite and cementite Fe3C). After sintering the copper is no longer in the 
form of discrete particles, and the pearlite structure dominates the ferrite structure. 
The sintering behavior of the iron-copper-carbon system is very different 
compared to that of other PM metals. Figure 3.7 shows the typical shrinkage behavior 
during heating for nickel, 316L stainless steel, and bronze as compared to the expansion 
of the FC-0205 material during heating. The FC-0205 sample expanded to 1.5% at the 
maximum heating temperature 1150 ºC (2102 °F). As the FC-0205 sample cooled, the 
material contracted, resulting in an overall dimensional change (shrinkage) of only 0.2% 





Figure 3.6 Dilatometer curves of dimensional change for the FC-0205 and FC-0208 at 
a heating rate of 10 ºC/min. 
 




FC-0205 copper steel powder were compressed at different height to obtain 
different pressure. Subsequently the bulk samples were sintered at 900 °C (1652 °F) and 
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1120 °C (2048 °F) in a controlled nitrogen and hydrogen atmosphere to analyze density 
change with increase in temperature. An insignificant difference in relative density is 
obtained between green compacts and bulk compacts sintered at 900 °C for 0 (unmilled) 
powder as shown in Figure 3.8. However, as milling time increases to 8 hours, a slight 
increase in relative density is noticed between green compacts and compacts sintered at 
900 °C (1652 °F) and 1120 °C (2048 °F) as shown in Figure 3.9. Figure 3.10 shows a 
significant increase in relative density with respect to temperature increase for 16 hour 
milled compacts. The increase in relative density is due to finer particles dissolving or 
diffusing into the base metal thereby creating a bonded final compact. Shrinkage during 
sintering can also be a factor due to reduction in space and pores in the compact. 
 






Figure 3.9 Relative density vs compaction height for green and sintered (900 °C and 
1120 °C) 8 hour milled powder compacts. 
 
Figure 3.10 Relative density vs compaction height for green and sintered (900 °C and 
1120 °C) 16 hour milled powder compacts. 
 
The microstructure in 0 and 8 hour compacts sintered at 900 °C (1652 °F) show a 
well compacted and good sintering of iron particles as shown in Figure 3.12 (e & h). 
Large pores are noticed in 0 (unmilled) green compact as shown in Figure 3.11 (a) due to 
low compaction pressure. The large pores can affect the strength of the compact and act 
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as point of crack initiation which can lead to early fracture. High compaction pressure 
and sintering temperature can help control large porosity. Figure 3.11 (a) also shows 
elements and particles that are distinctly separated from each other i.e. heterogeneous in 
nature due to the unmilled powder of the green compact. This allow the finer particles to 
fill in the inter-space between large particles, hence, increasing the powder packing and 
density of the green compact as obtained in the compressibility curve. The microstructure 
in 0 and 8 hour milled compacts sintered at 900 °C (1652 °F) show sinter bonding of 
powder particles and also the formation of pearlite as seen in Figure 3.12 (b and e). The 
shape, space and amount of pearlite depend on carbon diffusion and processing 
conditions. As temperature increases to 900 °C (1652 °F), iron ferrite transforms to 
austenite. Further increment of sintered temperature from 900 °C to 1120 °C (2048 °F) 
causes diffusion of carbon into austenite with the formation of high pearlite in 0, 8 and 16 
hour sintered compacts as shown in Figure 3.12 (c, f and i). Similarly, increase in 
sintering temperature of the compact causes phase change and grain redistribution. As 
temperature increases from 900 °C (1652 °F) to 1120 °C (2048 °F) for 0 and 8 hour 
compacts, phase changed occurred from solid state phase to liquid state phase with the 
formation of high dominant pearlite in the microstructure as shown in Figure 3.11 (c & f). 
Copper completely diffuses into austenite as temperature increases from 900 °C (1652 
°F) to 1120 °C (2048 °F) for 0, 8 and 16 hour compacts. The diffusion of copper into iron 
austenite created some pores as shown in Figure 3.11 (c & f). In the process of slow 
cooling, copper precipitate with the formation of pearlite and ferrite (cementite Fe3C) as 




Figure 3.11 SEM images of FC-0205 (a) 0 (unmilled) green (10um)1500X (b) 0 
(unmilled) 900 °C 1500X (c) 0 (unmilled) 1120°C 1500X (d) 8 hr green 
(20um) 1500X(e) 8 hr 900 °C 1500X (f) 8 hr 1120 °C 1500X (g) 16 hr 









Figure 3.12 OM 500X magnification of (a) 0 (unmilled) green (b) 0 (unmilled) 900 °C 
(c) 0 (unmilled) 1120 °C (d) 8 hr green (e) 8 hr 900 °C (f) 8 hr 1120 °C (g) 
16 hr green (h) 16 hr 900 °C (i) 16 hr 1120 °C images showing grain size, 










3.4.4 Microstructure Measurement 
The microstructural grains of FC-0205 sintered compacts were measured using 
ImageJ analysis free software according to ASTM standard E 112. The objective is to 
ascertain the extent of growth with respect to sintering temperature. The sintered 
microstructure obtained from OM shows the variation of grain size distribution of copper 
steel compact in Figure 3.13 and also the image analysis data in Table 3.1. As 
temperature increases to 900 °C (1652 °F), formation of big and small microstructural 
non-uniform grain structures are noticed as seen in Figure 3.12 (b and e). Further increase 
in sintering temperature to 1120 °C (2048 °F) result in smaller grains coalescing to form 
a more uniform grain structure, though with large pores due to copper diffusion into 
austenite iron as shown in Figure 3.12 (c and f). The increase in temperature resulted in 
grain increase from 13.45 (µm) to 13.76 (µm) for 0 (unmilled) sintered compacts, 
similarly from 13.49 (µm) to 13.77 (µm) for 8 hour sintered compacts as obtained in 
Table 3.1. As temperature increases with respect to density, grain growth is obtained as 
seen in Figure 3.13. Unmilled and 8 hour sintered compacts show a little increase in grain 
size and density as temperature increases from 900 °C (1652 °F) to 1120 °C (2048 °F). 
However, as temperature increases from 900 °C (1652 °F) to 1120 °C (2048 °F) in 16 
hour sintered compacts, significant increase is noticed in grain size and density due to 







Table 3.1 Average grain size from ImageJ analysis 
Sample 
Relative 











0hr-900C 0.92 284 54660.03 192.47 91.60 142.07 13.45 
0hr-1120C 0.95 284 54789.03 192.92 90.82 148.62 13.76 
8hr-900C 0.94 235 55422.57 235.84 92.18 142.87 13.49 
8hr-1120C 0.95 283 54551.93 192.76 91.20 149.00 13.77 
16hr-900C 0.91 380 54698.83 143.94 90.98 155.97 14.09 
16hr-1120C 0.92 211 55683.80 263.90 92.62 173.66 14.87 
 
Figure 3.13 Average grain size vs relative density for 0,8, and 16 hour milled powder 
compacts sintered at 900 °C and 1120 °C. 
 
3.4.5 Hardness test 
Table 3.2 shows the mechanical properties obtained for FC-0205 copper steel 
powder using Rockwell hardness test at a maximum load of 60 kgf. Four separate tests 
were performed on each sample and the average was obtained for proper analysis of the 
strength. Each sample was polished to avoid spatial variability in hardness. It was noticed 
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that Rockwell hardness for each milling hour increases as temperature increases, 
therefore sintering temperature has a major effect in the strength of the compacts. 
However, Rockwell hardness for 0 (unmilled) and 8 hour compacts were relatively close 
but a significant difference was obtained compared to 16 hour compacts as temperature 
increases. Increase in density resulted in an increase in hardness of the sintered compacts 
as shown in Figure 3.14 and Table 3.3.  Also in Table 3.3, the 16 hour compacts show 
lower mechanical properties as regards the density and hardness than the 0 (unmilled) 
and 8 hour sintered compacts. This is due to the finer particle structure of the powder 
which makes compaction difficult and possible formation of porosity It is observed that 
the finer the particle size of the powder, the more difficult to compress, hence lower 
strength is obtained. 
 
Table 3.2 Rockwell hardness result for sintered compacts 
Sample 1 2 3 4 Average (HRA) 
0hr 900 31.90 30.80 27.70 27.30 29.43 
0hr 1120 32.20 29.50 32.40 31.40 34.88 
8hr 900 34.40 32.60 32.10 31.80 32.73 
8hr 1120 35.10 34.90 34.00 33.80 34.45 
16hr 900 16.10 17.90 18.40 16.90 17.33 
16hr 1120 22.20 22.80 20.30 21.60 21.73 
Method Rockwell Hardness HRA    
Indentor Diamond cone    
Total Load 60kgf      





Table 3.3 Relationship between Hardness, Relative density and Grain size 
Sample Relative Density Average HRA (kGF) Mean Daimeter (um) 
0hr 900 0.921 29.43 13.45 
0hr 1120 0.951 34.88 13.76 
8hr 900 0.936 32.73 13.49 
8hr 1120 0.947 34.45 13.77 
16hr 900 0.910 17.33 14.09 
16hr 1120 0.919 21.73 14.87 
 
 
Figure 3.14 Hardness vs Relative density 
 
3.5 Conclusion 
As pressure increases in green compacts, density also increased. It was noticed 
































Therefor higher compaction pressure is required for higher milling hour to avoid a high 
porous compact. Contraction of copper steel compact was noticed at 700 °C (1292 °F) as 
the microstructure transforms from iron ferrite to iron austenite. Further increase in 
temperature to 1083 °C (1981 °F) resulted in copper melting into iron austenite which led 
to expansion of the compacts. It was observed that increase in milling time between 0 
(unmilled) and 8 hour compacts showed a slight increase in relative density as 
temperature increases to 1120 °C (2048 °F). However, a significant increase in relative 
density was obtained for 16 hour compacts at the same temperature. Hence, higher 
milling time increases the density of the compacts at the same temperature increase. 
Similarly, grain size increase is significant in 16 hour compacts as temperature increases 
from 900 °C (1652 °F) to 1120 °C (2048 °F) than the 0 (unmilled) and 8 hour compacts 
sintered at the same temperature. The 16 hour sintered compacts showed high rate of 
grain growth with low hardness as temperature increases from 900 °C (1652 °F) to 1120 
°C (2048 °F) compared to 0 and 8 hour compacts. Therefore, finer particle size requires 






Results from FC-0205 nanocrystalline copper steel powder obeys previous studies 
such that increase in milling time of powder particles decreased the average particle size 
due to high rate of particle fragmentation. Although at higher milling time, fragmentation 
rate was low resulting in low reduction in particle size. The particle size reduction rate is 
as a result of higher milling energy which increases the contact areas between grains., 
therefore welding of particles is obtained. Particle size analysis showed distribution peaks 
that was getting narrower and also skewing from right to left due to increased milling 
time of the copper steel powder. The increase in milling time caused change in 
morphology and higher agglomeration of the powder particles. The change in 
morphology noticed with increased milling can hinder compaction because of high 
surface area that increases internal friction between particles. Therefore, higher 
compaction pressure will be required to achieve a good dense compact. A linear 
reduction in grain size was obtained as milling time increases. As pressure increases in 
green compacts, density also increased. It was noticed that at the same pressure range, 
lower milling hour compacts show higher density. Therefor higher compaction pressure 
is required for higher milling hour to avoid a high porous compact. Contraction of copper 
steel compact was noticed at 700 °C (1292 °F) as the microstructure transforms from iron 
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ferrite to iron austenite. Further increase in temperature to 1083 °C (1981 °F) resulted in 
copper melting into iron austenite which led to expansion of the compacts. It was 
observed that increase in milling time between 0 (unmilled) and 8 hour compacts showed 
a slight increase in relative density as temperature increases to 1120 °C (2048 °F). 
However, a significant increase in relative density was obtained for 16 hour compacts at 
the same temperature. Hence, higher milling time increases the density of the compacts at 
the same temperature increase. Similarly, grain size increase is significant in 16 hour 
compacts as temperature increases from 900 °C (1652 °F) to 1120 °C (2048 °F) than the 
0 (unmilled) and 8 hour compacts sintered at the same temperature. The 16 hour sintered 
compacts showed high rate of grain growth with low hardness as temperature increases 
from 900 °C (1652 °F) to 1120 °C (2048 °F) compared to 0 and 8 hour compacts. 
Therefore, finer particle size requires higher compaction pressure and low sintering 
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0 hour  1.00 1.22 0.64 1.54 6.48 0.86 334.18 
0 hour  0.85 1.13 0.64 1.43 6.99 0.93 571.89 
0 hour  0.80 1.11 0.64 1.41 7.09 0.95 621.67 
8 hour  1.00 1.23 0.64 1.56 6.39 0.85 274.28 
8 hour  0.90 1.25 0.64 1.58 6.33 0.84 337.08 
8 hour  0.85 1.14 0.64 1.44 6.93 0.92 754.68 
8 hour  0.80 1.15 0.64 1.46 6.84 0.91 657.17 
16 hour  1.00 1.38 0.64 1.56 5.59 0.74 353.46 
16 hour  0.95 1.32 0.64 1.58 5.84 0.78 469.96 
16 hour  0.90 1.34 0.64 1.44 5.78 0.77 438.07 
16 hour  0.85 1.30 0.65 1.46 5.89 0.78 527.67 
16 hour  0.79 1.26 0.64 1.64 6.11 0.82 746.52 
16 hour  0.77 1.25 0.64 1.61 6.19 0.83 775.70 
 
A.2 Temperature Vs Relative density for 0 (unmilled) compacts 







0 hour green 10.00 10.00 1.54 6.48 0.86 
0 hour green 8.50 10.04 1.43 7.02 0.94 
0 hour green 8.00 10.04 1.41 7.12 0.95 
0 hour (900°C)  10.00 9.96 1.54 6.46 0.86 
0 hour (900°C)  8.50 9.99 1.43 6.99 0.92 






A.3 Temperature Vs Relative density 8 hour compacts 







8 hour green 10.00 9.97 1.56 6.37 0.85 
8 hour green 9.00 10.32 1.58 6.53 0.87 
8 hour green 8.50 9.94 1.44 6.89 0.92 
8 hour green 8.00 10.10 1.46 6.91 0.92 
8 hour (900°C)  10.00 9.56 1.48 6.47 0.86 
8 hour (900°C)  9.00 10.13 1.51 6.72 0.90 
8 hour (900°C)  8.50 9.78 1.39 7.02 0.94 
8 hour (900°C)  8.00 9.94 1.41 7.03 0.94 
8 hour (1120°C)  10.00 9.55 1.36 7.00 0.90 
8 hour (1120°C)  9.50 9.59 1.36 7.04 0.92 
8 hour (1120°C)  9.00 9.57 1.36 7.01 0.95 
8 hour (1120°C)  8.50 9.53 1.36 7.02 0.96 
 
A.4 Temperature Vs Relative density for 16 hour compacts 







16 hour green 10.00 9.90 1.79 5.53 0.74 
16 hour green 9.50 10.03 1.71 5.86 0.78 
16 hour green 9.00 10.10 1.73 5.84 0.78 
16 hour green 8.50 9.97 1.70 5.87 0.78 
16 hour green 7.91 10.05 1.64 6.15 0.82 
16 hour green 7.65 10.08 1.61 6.24 0.83 
16 hour (900°C)  10.00 9.54 1.55 6.16 0.82 
16 hour (900°C)  9.50 9.72 1.52 6.40 0.85 
16 hour (900°C)  9.00 9.79 1.54 6.38 0.85 
16 hour (900°C)  8.50 9.72 1.50 6.48 0.86 
16 hour (900°C)  7.91 9.85 1.47 6.71 0.89 
16 hour (900°C)  7.65 9.77 1.44 6.77 0.91 
16 hour (1120°C) 10.00 9.30 1.40 6.63 0.88 
16 hour (1120°C) 9.50 9.53 1.38 6.88 0.92 
16 hour (1120°C) 9.00 9.42 1.37 6.90 0.92 
16 hour (1120°C) 8.50 9.67 1.39 6.96 0.93 
6 hour (1120°C) 7.91 9.92 1.38 7.19 0.96 
 
